Introduction
Human hepatocellular carcinoma (HCC) has been proven to display high resistance to chemotherapeutic agents, such as cisplatin, 5-fluorouracil (5-FU), and doxorubicin et al [1] [2] [3] . This phenomenon is partially due to defects in caspase activation, the execution phase of apoptosis. The inhibitor of apoptosis proteins (IAP) is a family of caspase inhibitors that bind and inhibit the activation of caspases-3, -7, and -9. By inhibiting downstream caspases-3 and -7, IAP block the convergence point of multiple caspase activation pathways and thus inhibit apoptosis from multiple stimuli [4] [5] [6] . IAP overexpression, the X-linked inhibitor of apoptosis protein (XIAP) in particular, is associated with chemoresistance in a variety of human cancers [7, 8] . Therefore the removal of IAP inhibition could be critical for sensitizing cancer cells to various chemo-anticancer regiments. The second mitochondriaderived activator of caspases (Smac)/Direct IAP Binding Protein with Low PI (DIABLO), an IAP-binding protein, is released from mitochondria and promotes caspase activation by eliminating IAP function during apoptosis [9] [10] [11] . Consequently, the overexpression of active Smac could be proposed to render resistant tumor cells sensitive to chemotherapeutic treatment.
ONYX-015, a tumor-targeting oncolytic adenoviral agent that selectively replicates in tumor cells due to E1B-55K
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gene deletion, has been widely investigated in cancer therapy. This genetic design takes advantage of the fact that adenovirus E1B 55K binds and inactivates the wild-type p53 protein that is essential to virus replication. ONYX-015 has been well tolerated in phase I and II trials, but durable objective responses were not achieved in patients [12, 13] . However, durable regressions were subsequently achieved in combination with chemotherapy (such as cisplatin) in head and neck cancer patients [14] . Importantly, ONYX-015 and cisplatin do not have overlapping toxicities [15] . Although the conjugation of ONYX-015 with chemo-agents has attained potent antitumor activity with the reduction of drug resistance and side-effects to some extent, further improvements could be acquired by arming the single viro agent with therapeutic genes.
In this study, we employed a gene-viro agent ZD55-Smac to sensitize HCC cells to chemotherapy (cisplatin or 5-FU). ZD55 was constructed based on adenovirus serotype 5 (Ad5), with E1B-55K gene deletion, but different from ONYX-015 that was designed for the incorporation of therapeutic genes. ZD55-Smac was produced by inserting the Smac gene into the vector, driven by the human cytomegalovirus immediate-early (CMV-IE) promoter and terminated by the simian virus 40 polyadenylation signal. As an oncolytic transgenic delivery system, ZD55 can not only specifically replicate and lyse in tumor cells, but also restrict therapeutic gene expression within a tumor microenviroment [16] [17] [18] . Here, we have observed that ZD55-Smac could significantly enhance the sensitivity of HCC cells to both cisplatin and 5-FU. Furthermore, the toxic effects to normal cells are distinctly abolished by utilizing the oncolytic vector and reducing the drug dosage.
Materials and methods

Cell culture
The normal human liver cell lines L-02 and QSG-7701, human HCC cell lines BEL7404 (with p53 deletion), SMMC7721, and Huh-7 were purchased from Shanghai Cell Collection (Shanghai, China). HEK293 (a human embryonic kidney cell) was obtained from Microbix Biosystems (Toronto, ON, Canada). The cells were cultured in Dulbecco's modified Eagle's medium (Gibco-BRL, Grand Island, NY, USA) supplemented with 10% heat-inactivated fetal bovine serum (Gibco-BRL, Grand Island, NY, USA) at 37 °C in a humidified incubator with 95% air and 5% CO 2 .
Generation of recombinant viruses The ZD55 system was constructed by deleting the E1B-55K gene based on adenovirus serotype 5 and introducing a BglII clone site for carrying foreign genes. The Smac gene was then cloned into this site to generate oncolytic adenovirus ZD55-Smac [17] . ONYX-015 and wild-type adenovirus (Ad-wt) were previously stored in our laboratory. The large-scale purification of adenoviruses was performed by ultracentrifugation with cesium chloride. The titers were determined by plaque formation assay on the HEK293 cells.
Conventional PCR for verification The viral genome was purified from the ZD55-Smac recombinant oncolytic adenovirus by using a virus DNA-QIAGEN kit (QIAGEN, Hilden, Germany). The Smac codon sequence (720 bp) was verified by conventional PCR using the following primer (forward: 5'-ATGGCGGCTCTGAAGAGTTGGCTGT-3' and reverse: 5'-TCAATCCTCACGCAGGTAGGCCTCC-3'). The amplification product was visualized by electrophoresis on a 2% agarose gel containing ethidium bromide. 
Results
Construction and characterization of ZD55-Smac ZD55
is an oncolytic adenovirus, which can selectively replicate and lyse in a great number of tumor cells due to the deletion of the E1B-55K gene from Ad5 that is similar to the typical viro agent ONYX-015. In this vector, we designed a BglII clone site transferring exogenous genes, that is, the main character different from ONYX-015. The Smac gene was inserted into this site, driving by the human CMV-IE promoter.
To determine the selective cytopathic effect (CPE) of ZD55-Smac, 2 HCC cell lines (BEL7404 and Huh-7) and 2 normal liver cell lines (L-02 and QSG-7701) were infected with ZD55-Smac, ONYX-015, or Ad-wt at various MOI. The cells were stained with crystal violet 4 d later. ZD55-Smac performed robust cytotoxity in the HCC cells that was equal or a little higher in comparison with either ONYX-015 or Ad-wt, while a significant suppression of cell proliferation was not observed in normal liver cells (Figure 1) .
Consequently, the CPE assay indicated that the ZD55 system could specifically induce toxicity in HCC cancer cell lines regarding the tumor selective replication capability, and Smac displayed slight toxicity to Huh-7 cells that was consistent with the results of Figure 2 , but do not affect normal cell viability. These observations suggest that ZD55 is an ideal tumor-specific replicative adenovirus for Smac gene delivery.
ZD55-Smac is superior to ONYX-015 in sensitizing chemotherapy ONYX-015 has been extensively studied as an effective viro agent for relieving chemoresistance both in experimental and clinical cancer therapy. Here, we proposed to evaluate the assistance capability of ZD55-Smac in enhancing the tumor cytotoxicity of cisplatin-or 5-FU-treated Huh-7 cells compared with ONYX-015. Significant cell growth inhibition was detected in the groups treated with a combination of ZD55-Smac (MOI=1) with cisplatin (1 µg/mL)/5-FU (5 µg/mL), compared with the groups treated with a combination of ONYX-015 (MOI=1) with cisplatin (1 µg/mL)/5-FU (5 µg/mL) (MOI=1), or ZD55-Smac (MOI=1), ONYX-015 (MOI=1), and cisplatin (1 µg/mL)/5-FU (5 µg/mL) alone (P<0.01; Figure 2 ). These results indicated that blocking the IAP activity by Smac could further improve the enhanced effects of ONYX-015 with cisplatin or 5-FU. Thus, ZD55-Smacbased chemo-gene virotherapy is obviously superior to conventional ONYX-015-based chemo virotherapy. 
ZD55-Smac enhanced sensitivity of several HCC cell lines to cisplatin or 5-FU
To explore the enhanced toxicity of ZD55-Smac with cisplatin or 5-FU, the HCC cells were treated with cisplatin (1 µg/mL), 5-FU (5 µg/mL), ZD55-Smac (MOI=1), and a combination of ZD55-Smac with cisplatin or 5-FU, respectively. According to the results of the MTT assay, a significant decrease in cell viability was observed in the cells treated with ZD55-Smac plus cisplatin or 5-FU ( Figure  3 ). For instance, in the Huh-7 cells, the cell viability significantly decreased 3 d post-treatment in the group of ZD55-Smac plus cisplatin, compared with both the ZD55-Smac alone and cisplatin alone groups (P<0.01; Figure 3) . However, the toxic effects are different from the HCC cell types. Using SMMC7721 as an example, ZD55-Smac played an essential role in killing cancer cells, but only promoted the effects of the chemo drugs to a limited extent.
To further evaluate the enhanced cytotoxic effects, a fixed viral titer (ZD55-Smac, MOI=1) was used in combination with variable concentrations of drugs (cisplatin 1, 5, and 20 µg/mL; 5-FU 5, 20, and 50 µg/mL). The cytotoxic effects of the groups using the combination were more apparent compared with either virus or cisplatin/5-FU alone at each concentration (P<0.01; Figure 4) .
Although ZD55 is a tumor-selective replication adenoviral vector and the Smac does not have a negative impact on normal cells, extremely high dosages of ZD55-Smac could still cause damage to normal cells. Similarly, the combination of ZD55-Smac with cisplatin or 5-FU also resulted in concentration-dependent cell death as assessed by MTT assay (P<0.01; Figure 5 ). Importantly, the combination of ZD55-Smac with chemotherapy does not show apparent overlapping toxicities in normal cells.
Apoptosis induction by treatment with ZD55-Smac or/ and chemotherapy The expression levels of XIAP in HCC cells were analyzed by immunoblot assay. A much higher level of the XIAP protein was detected in Huh-7, BEL7404, and SMMC7721 cells, compared with that in QSG-7701 and L-02 normal liver cells. ZD55-Smac could efficiently mediate Smac expressed in HCC cells as shown in our previous study [17] . Here we verified the virus by conventional PCR and detected adenoviral E1A protein expression in HCC cells by Western blotting (Figure 6 ). To determine the underlying mechanism by which ZD55-Smac, cisplatin, 5-FU alone, or a combination of ZD55-Smac and cisplatin or 5-FU can induce apoptosis in cancer cells, the activation of PARP in BEL7404 HCC cells was studied by Western blot analysis. The results showed that the cleavage of PARP was more apparent 2 d post-infection with ZD55-Smac, compared with 1 d post-infection for the control group. Furthermore, the combination of ZD55-Smac with either cisplatin or 5-FU led to a slight increase of PARP cleavage, rather than ZD55-Smac, cisplatin, or 5-FU alone ( Figure 6 ).
These observations were consistent with the morphological features. Most cancer cells underwent apoptosis during ZD55-Smac treatment in combination with cisplatin or 5-FU as shown by DNA specific fluorochrome staining in Huh-7 cells ( Figure 7A) . A higher dosage also led to remarkable chromatin condensation and nuclear fragmentation in normal L-02 cells ( Figure 7B ).
Discussion
Despite the recent introduction of new agents and schedules for the treatment of cancer, chemotherapy still obtains unsatisfactory overall response rates; rare complete remissions; and responses of relatively short duration, mainly due to chemoresistance and severe side-effects. Currently, many studies have revealed the molecular machinery of chemoresistance. Notable advances have been documented in elucidating the mechanisms of drug resistance and sensitization that represent a useful basis for further development of strategies to circumvent chemoresistance in clinical practice. Apoptosis or programmed cell death is a genetically encoded cell death program characterized by biochemical and morphological changes [19] , which has been shown to be the principal mechanism of chemotherapy-induced regression [20] . IAP, including XIAP, cellular inhibitor apoptosis (cIAP) 1 and 2, ronal apoptosis inhibitory protein (NIAP), and survivin, are an evolutionarily conserved family of proteins that prevent cell death by directly inhibiting caspases [21] . XIAP is one of the most potent inhibitors in the family and presents as a potential drug target overexpressed in various human cancer cells [22, 23] . In cultured cells, XIAP knock-out directly induced apoptosis and sensitized resistant cells to chemotherapy. In animal models, siRNA or antisense oligo- nucleotides directed against XIAP delayed tumor growth in human cancer xenografts [24] [25] [26] . Moreover, recent studies have shown that Smac can act as an effective pro-apoptotic molecule to bind to IAP [9, 10] , leading to the design and synthesis of Smac or mimic that can sensitize cancer cells to apoptotic induction by antagonizing IAP [27, 28] . Our previous work has also shown great success of attenuating IAP function to enhance the tumor necrosis factor£-related apoptosis-inducing ligand (TRAIL)-induced apoptosis by an oncolytic adenovirus (ZD55-Smac) expressing the Smac protein [17] . Cisplatin and 5-FU are widely used anticancer agents with a broad range of antitumor activities. Cisplatin, a platinum-based chemotherapy drug, acts as a factor crosslinking DNA, making it impossible for proper mitosis. The damaged DNA sets off DNA repair mechanisms, which finally activate apoptosis. Cisplatin has been used in many cancers, especially in testicular cancer and epidermal carcinomas [29] . In the case of HCC, cisplatin has been shown to be more effective than other agents and more so in combination with drugs, such as 5-FU, which induces synergistic effects [30, 31] . 5-FU is one of the first-line treatment options for gastrointestinal tumors, but its effects on HCC have been negative [32] . In the present study, we utilized ZD55-Smac to sensitize HCC cells to chemotherapeutic agents cisplatin or 5-FU. Our data indicated that the combination of ZD55-Smac and chemotherapy demonstrated robust cytotoxicity, compared with ZD55-Smac, cisplatin, or 5-FU alone as shown in both the MTT assay and cell apoptotic staining. Thus, the dosage could be reduced greatly in order to protect normal cells, according to the increased tumor killing effect within the cooperation of chemo agents and ZD55-Smac. In this study, as shown by the MTT assay in L-02 normal cells, we introduced the lowest dose (MOI=1, ZD55-Smac+1 µg/mL cisplatin or 5 µg/mL 5-FU) to treat cells. These results showed that there was slight damage to the normal cells at such a low dose.
Furthermore, ZD55 is similar to ONYX-015 with E1B-55K gene deletion that can selectively replicate and lyse in a number of cancer cells approved by our previous tests [17, 18] . For example, in the case of ONYX-015, which works synergistically with chemotherapy in certain human cancers, we employed ZD55 to deliver Smac and then combined it with chemo agents to treat the HCC cells. Therefore, ZD55 has played triple roles: (1) as an oncolytic viro agent; (2) a transgenic vector; and (3) a chemotherapeutic assistant. As shown in Figure 2 , ZD55-Smac was much more efficient in enhancing the sensitivity of HCC cells to chemotherapy than ONYX-015.
In conclusion, the ZD55 adenoviral vector could effi- ciently transfer Smac into HCC cells. ZD55-Smac conjugated with cisplatin or 5-FU performs enhanced sensitivity of several HCC cell lines to chemotherapy, while evidently relieving the negative toxicity in normal cells by applying the tumor-selective replication vector and reducing the dosage. Moreover, the current chemo-gene virotherapeutic (cisplatin or 5-FU+ZD55-Smac) strategy seems superior to the conventional chemo-gene or chemo-viro approach.
